This paper describes a lab-on-a-chip device for continuous liquid/solid chromatography measurements. Chromatographic separations of phenolic test solutions as well as of vitamins are illustrating the ability and versatility of the system. The dependence of the peak height and width with respect to the injected plug and the saturation limits of the microchip column have been investigated and good correlation to the theoretical predictions have been observed.
Introduction
Microfabricated planar separation devices have been extensively studied for the past 15 years and touted for their size, speed and low cost compared to conventional instrumentation. The literature contains hundreds of articles describing electrophoretic and electrokinetically driven devices, such as capillary electrophoresis (CE), reversed-phase capillary electrochromatography (CEC) and micellular electrokinetic chromatography (MEKC) [1] [2] [3] [4] [5] . These devices utilize the principle of electroosmotic flow for fluid propulsion, which is more amenable to miniaturization on a planar chip format. In addition, electrophoretic techniques find abundant application in biomolecular analysis, a tremendous market driver at the present time. On the other hand, chip-based pressure-driven liquid chromatographic (LC) systems have been slow to find extensive interest, and have been pioneered by a handful of workers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This is mainly due to lack of ease of flow control as is the case with electrokinetically driven devices where mechanical pumps and * Corresponding author. Tel.: +41 21 693 66 06; fax: +41 21 693 59 50.
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valves are obviated, and to the difficulty in integration of on-chip injectors and mechanical valves [21] . Despite these handicaps, there is much motivation to develop microfabricated LC systems, as LC is still the workhorse analytical method in most laboratories for small molecule analysis. Pressure-driven capillary LC systems in the form of microbore and nanobore HPLC columns have proven their superiority to conventional HPLC columns in terms of resolution, speed and solvent and sample conservation, as well as their ability to be coupled to mass spectrometers for proteomics analysis and as a high-throughput analytical tool for combinatorial drug and metabolome screening. There is a growing need for miniaturizing LC by combining a capillary column with injectors and detectors small enough to take advantage of the ultra-small column volume presented by the nanobore capillary. This is best done by microfabrication, using clever design of a microfluidic network to combine a robust injection system with capillary column, and a detector based on integrated electrodes, diffraction grating or a total internal reflectance surface in a fully integrated planar package.
Although most of the motivation for miniaturization of pressure-driven LC comes from the need to fulfill niches in the biotechnology arena, an application that has been overwhelmingly overlooked is that of on-line analysis in chemical and pharmaceutical production. Conventional HPLC has not been widely employed as an on-line analytical tool because of slowness, size, lack of robustness and sampling complexities and running expense. Microfabricated LC offers many solutions that address these issues and lower the barrier to implementation of the technique. We have focused our efforts on solutions for representative sampling and reproducible injection. Additionally, an open tubular approach to the separation column, as opposed to a packed column approach, has been adopted to capitalize on the superior performance of the former over the latter that are possible at low pressures if the column dimensions are optimized. Practically speaking, elimination of a mechanical high-pressure pump is a great advantage for an on-line or portable monitoring device.
This paper addresses two main issues that have impeded the implementation of chip-based LC for on-line analysis. The first is an adequate injection technique that is fully integrated and reliable, not requiring a syringe pump to load the chip. The second is a robust sampling method from a macroscopic flow. In reference to the first point, on-chip injection methods in pressure-driven systems that have been reported in the literature have used a double-T junction type microfluidic design that emulates an HPLC injector loop. In this design, an injection plug of fixed volume is contained in the main channel segment between the two side branches. The design requires use of syringe pumps or a standard HPLC injection valve [6, 12, 15] . However, it is difficult to assure repeatability using this technique, as the confining segment is easily overflowed, and the extremely low flow rates for sample loading are difficult to obtain. An improvement in terms of injection plug control is the so-called pressure-pinched injection, where the continuous analyte flow is compressed at the injection cross from either side by side streams of mobile phase, in order to minimize the volume while at the same time obtaining reproducible injection plugs [22, 23] . This design relies on very delicate balancing of flow rates to work properly. A variation on this theme was devised by Vahey et al. [24] , where a pressure-pinched injection scheme was implemented, but allowing variable plug length to be injected into the separation channel. Again, a delicate flow rate balance must be maintained. Another interesting method is the so-called pressure-pulse injection developed for electrophoretic microchips [25] . In this paper, we will introduce a very simple but nonetheless robust injection method also based on flowing analyte and mobile phase streams, but using a gated injection approach whereby the confluence of two laminar flows at a injection cross can be made to exclude the analyte from entering the separation column by the mobile phase stream, which exclusively flows in this channel, until an intentional perturbation in the flow rate of the latter allows the former to enter. This technique has been employed in plug formation on electroosmotically driven microfluidic chips, where voltage switching is used to gate the injection, and is a well-known injection method for chip-based electrophoretic separations [26] [27] [28] . In this work, perturbation of driving pressures is used to create repeatable injections with injection volumes dependent on the duration of the pressure change and the flow velocity.
The second point to be addressed is representative sampling. Rapid renewal and/or purging of sample inlet lines to the chip is of paramount importance for obtaining representative samples in on-line analysis of microreactors and macroscale reactors, and to eliminate cross-talk between samples. In order to accomplish this, it is necessary to design the system so that meso-scale flow rates (tens of microliters to milliliters per minute) of fresh sample liquid can pass by the inlet leading to the on-chip injector, where fresh aliquots can be drawn from the stream. To this end, a flowthrough strategy for sample and mobile phase introduction was conceived, permitting continuous or intermittent flow of fresh sample stream on board the chip, with injection of an aliquot of the sample stream executed in a periodic or random fashion. Large flow-through channels (200 m × 1 mm × 5 mm) permit sample and mobile phase streams to flow either separately or simultaneously on the chip. This sampling approach has found precedent in microfabricated electrophoretic devices [29] [30] [31] [32] [33] , but has not been attempted for chip-based LC.
Experimental

Chip microfabrication and interconnection
The microfabrication of the float-glass wafers is based on a four-mask process (Fig. 1) . Separation columns and bypass channels in the bottom wafer are HF-etched through an AZ 5214 photoresist mask ( Fig. 1(a) ), while the recessed Ti/Pt electrodes are defined by a lift-off process using the same photoresist ( Fig. 1(b) ). The cover plate consisted of a float-glass wafer, which contains the powder-blasted flow-through channels and fluid access ports. Powder blasting was performed manually using 60 m corundum grit. For precise positioning of holes and other structures, the blasting pattern was pre-defined photolithographically using a laminated dry resist specially designed for decorative sandblasting purposes (RapidMask TM , Photoabrasive Systems, Duluth, MN, USA), and exposing to uncollimated UV light through a transparency mask printed with a high-dpi inkjet printer.
Top and bottom glass wafers were anodically bonded [34, 35] using an RF-sputtered 40 nm thick amorphous Si layer as barrier for wafer-to-wafer sodium ion transfer. The bonding is achieved by applying 700 V at a temperature of 360 • C during 30 min in a muffle furnace under an ambient atmosphere. Finally, the wafers were diced into single chips. Electrode access pads were liberated by half-through dicing as shown in Fig. 1(d) . Key channel dimensions and materials parameters are presented in Table 1 , with a photograph of the chip shown in Fig. 2(a) . The column walls were then coated using a sol-gel technique. This procedure yields a thin coating of a silica hybrid gel on the column wall which contains the functional layer. In our case this is a mixture of tetraethoxysilane/tetraethoxysilane-C 8 that yields a C 8 layer acting as stationary phase, following the preparation shown by Constantin et al. [36, 37] . The sol-gel precursor solution is pumped into the column, allowed to stay for several minutes and then forced out of the column by nitrogen overpressure before the chip is dried overnight under nitrogen flow at 120 • C. This process yields 
Chromatographic microchannel design
The overall dimensions of the separation channel were calculated in accordance with theory for rectangular open channel reversed phase liquid chromatography as presented by Giddings et al. [38] . We updated Giddings' theory with modified Golay coefficients as suggested by Poppe [39] , to account for the strong side-wall induced dispersion in high-aspect ratio rectangular channels. Using this theoretical framework, the separation channels were designed to perform optimally at flow rates of up to 100 nl/min, with the channel dimensions listed in Table 1 . These parameters allow for operation at relatively low pressures of less than 1 bar, thus pressure-driven flow could be obtained without resorting to the use of a high-pressure pump. The pressuredriven system will be described in detail in the next section. As the separation channel was 11 cm long, it was necessary to etch it in a serpentine folded configuration to fit the channel on the 20 mm × 20 mm chip format. Attention was paid to the radii of curvature of the channel turns and length of straight channel segments, so as to minimize contributions to band dispersion induced by turns in the folded microchannel (distortion of the band due to the racetrack effect) over contributions from axial diffusion alone. Equations developed by Griffiths and Nilson [40, 41] , minimum radii of curvature were calculated with respect to straight segment lengths, which need to be sufficiently long to allow time for transverse diffusion to erase the distortion incurred after each turn by Taylor-Aris dispersion. The calculations are based on the Péclet number for the channel, taking into account the channel width, anticipated fluid velocities and solute diffusion coefficients.
Chip-fluid interface
A single piece chip interface was designed for easy mounting and dismounting of the chips. The interface was machined from PEEK block, with flat bottom ports drilled and tapped on the side of the mount for efficient attachment of fluid delivery lines to the body of the mount. The chip seats on top of the block, from which 1 mm access holes were drilled to line up with fluid inlet ports on the chip. The access holes intersect orthogonally with similar holes originating from the ports for fluid delivery to the chip. Holes mating with the chip ports are countersunk to accommodate small Kalrez o-rings for proper sealing. The chip is pressed to the interface block by a cover piece in PMMA or other transparent plastic that is secured to the mount with M2 screws. Electrical contact to the chip was made via juxtaposition of a 1 mm contact pitch microconnector (Samtec) soldered on a small printed circuit board for easy mounting on the chip interface block. Wires soldered to the circuit board were connected to the electrochemical detector.
Experimental set-up and fluidic control
A crucial aspect of lab-on-a-chip setups is the interconnection between the chip, electronics and fluidics, which are frequently cumbersome and starting point of a large number of problems related to the lab-on-a-chip technology. Conventional tubing and interconnection techniques often present dead volumes that are orders of magnitude larger than the total volume of the microfluidic channels on the chip itself. Two main strategies tend to minimize those dead volumes. A first approach consists of integrating those parts responsible for dead volumes, as for example, check valves. The inconvenience of a maximized integration is an important raise in fabrication complexity [42] .
Because controlled fluid pressures and not flow rate was essential for proper operation of the experimental set-up, we found it more efficient to use pressurized reservoirs for both sample and mobile phase delivery, providing precise pressure control as opposed to pumps. Sample and mobile phase were contained in separate 100 ml glass bottles using fluid distribution caps with threaded flat-bottom ports (Bohlender GmbH). The liquid pressure was controlled by varying the pressure in the head-space over the liquids using pressurized air, with control of the gas pressure assured by a manual high-precision pressure regulator and precision gauge over a range of 0-1.5 bar (Marsh Bellofram). For most experiments, the system was operated between 300 and 1500 mbar, with 500-1000 mbar being typical.
Fluid delivery lines and connectors, Teflon ® tubing and ETFE flangeless fittings, respectively, were obtained from Upchurch Scientific (Oak Harbor, WA, USA). For data acquisition and system control, a LabVIEW ® virtual instrument (VI) manager was written using the appropriate drivers for the data acquisition board as supplied by the manufacturer.
Sampling and injection methodologies
The design principle of the injection system calls for sample and mobile phase inlet channels to intersect orthogonally, with the sample inlet channel continuing as the separation channel after the intersection. Fig. 2 shows a schematic of the device. Large-bore flow-through inlets (A1, M1) are connected to reservoirs with applied pressure P 1 , containing analyte and mobile phase, respectively, while outlet (O) of the microfluidic manifold is connected to atmospheric pressure. Segment 3 is the separation column while segment 2 is the analyte bypass channel. These channels intersect with the flow-through inlets A1 and M1, and access fluids flowing through them. The liquids are driven by the resulting pressure drop from the point of intersection with A and M to the outlet O. A higher flow resistance in the separation column compared to that of the bypass channel causes the analyte flow to divert into the bypass channel, while the mobile phase is forced to flow into the separation channel due to the inability of streamlines to cross in laminar flow. Mobile phase can also flow into the bypass channel, and the ratio of analyte to mobile phase flowing in this branch is controlled by the fluid pressures. A continuous flow of part of the mobile phase into the bypass channel screens the separation column from the analyte, thus preventing analyte from flowing unintentionally into the separation column, either by diffusion into the mobile phase at the injection cross or by small pressure variations at the inlets (Fig. 2, inset) . The method is analogous to gated injection schemes used in earlier electrophoresis microchips by Ramsey and co-workers [27] and Harrison et al. [43] . Pressure variations in either stream will result in a change in the flow rate ratio. To engender plug injection into the separation channel, a reduction of the mobile phase flow rate by intentional momentary release of the pressure, or by constriction of the flow, will allow analyte stream to begin flowing into the separation channel. Conversely, a higher overpressure in the analyte stream can cause the mobile phase to recede and overtake its flow down the separation channel. The duration of the pressure perturbations is easily controlled using the external valves. We have used two methods to accomplish this; one, releasing gas pressure in the headspace over the mobile phase through a leak valve, and two, opening of an isolation valve (V 4 ) connected to the flow-through tubing downstream of the chip, releasing hydrostatic pressure in the line. All results shown in this paper have been obtained with the latter method, shown in the scheme of Fig. 2 . The same isolation valves (V 2 and V 4 ) are simultaneously used for the optional washing cycles. If one wishes to change analytes or mobile phases, the pressurized reservoirs are simply disconnected and exchanged via the manual switching valves (V 1 and V 3 ). When the new reservoirs are connected, a washing cycle can be carried out. This takes from a few seconds (only analyte change) up to a few minutes (analyte and mobile phase), depending on the chosen flow speed.
Electrochemical detection
As electrochemical detection is a surface sensitive technique rather than being volume sensitive as is optical detection, it is strictly dependent on the analyte concentration rather than on the number of molecules present in the detector volume. Thus, the detection volume can be made arbitrarily small. DC amperometric electrochemical detection was accomplished using a BioAnalytical Systems 4B-LC HPLC electrochemical detector, with the output signal conditioned using the unit's internal analogue low pass filter set at a 0.3 Hz cut-off to remove mostly 50 Hz noise. The output signal represented the electrochemical current as a function of time and peak heights in the chromatographic data are given in units of nanoamperes. Platinum working, pseudo-reference and counter electrodes were deposited directly in the separation channel near the exit, with the working electrode upstream of the others. These were 100 m wide and spaced apart by 1 mm. The detection volume can be taken as the space immediately surrounding the working electrode, and consists of a volume of approximately 35 pl, or 0.1% of the total column volume of 35 nl. The working electrode potential was set at +1.0 V versus the Pt pseudo-reference. As the unit had no pulsed detection capability, the applied potential was inverted after each separation for five subsequent periods of 5 s.
Chemicals
All chemicals used in this work were from Acros Organics and Aldrich as received, and solutions were made up in ultrapure water and HPLC-grade organic solvents.
Results and discussion
Microfluidic behavior
The entire system turned out to be very robust and simple to handle. Flow injection tests were carried out a priori with two liquids containing different food dyes in order to visualize the functionality of the design. For quantization of injection repeatability, optical measurements of plug injection reproducibility as a function of injection time and applied pressure (or mean flow velocity) have been measured using a CCD camera and fluorescent analyte (saturated fluorescein solution at pH 9.0). Visual observation is shown in the sequence of fluorescence micrographs presented in Fig. 3 .
The integration of the fluorescence intensity determined the quantity of the injected analyte. In order to have sufficient analyte intensity, fluorescence tests were carried out using chips with a column of 10 m depth and 11 cm length. These measurements showed a relatively good repeatability and a linear behavior of the plug volume versus injection time. Nevertheless, as one camera pixel corresponds to 4.1 m 2 , this is a major source of error. Therefore, for verification of the fluorescence measurements, the peak areas of five subsequent samples with four different injection times each were analyzed (data not shown) and agreed well with the fluorescence data. Fig. 4 shows the linear trend of the plug volume versus plug injection time of the peak area analysis and confirms the observations made during fluorescence measurements. Repeated injections of analyte and its detection showed volume variations of less than 5%.
To measure the influence of injection volume on peak shape, and to monitor column mass overloading, phenol was injected at a concentration of 5 mM into a mobile phase stream consisting of peak heights increased linearly, as illustrates the inset of Fig. 5 . Peak heights appear to quickly reach a steady value at injection volumes above 350 pl in this system, and this can be attributed purely physical zone dispersion behavior, as observed in nonchromatographic flow injection systems. In such systems, the peak maximum follows a linear dependence on sample volume up to a point, then approaches a constant value asymptotically following an exponential law [44] .
The peak width increased with injection volume as expected, with greater degrees of tailing. Theoretically, peak distortion due to sample mass overload occurs when the injected sample plug occupies more than √ N theoretical plates [45] , corresponding to a fraction of the total column length. In this case, the measured N for the smallest peak in Fig. 5 is approximately 2200. The maximum fraction to be occupied by the plug immediately after injection is then √ N/N, or 2.1% of the total column volume of 38,500 pl, which corresponds to 820 pl or a 1560 ms injection. Thus, 1600 ms would appear to be the upper limit of experimental injection times before mass overloading would occur in this column. This is in accordance with the observation made in Fig. 5 , where the 1500 ms injection shows a beginning tailing of the peak.
Chromatographic separations
The chromatographic separation tests were carried out using different phenol solutions in water/acetonitrile mobile phase. Ethanol was used for the cleaning cycles. Fig. 6 shows a typical chromatogram of four subsequent injections and also the upper limit of separation power of the microchips presented in this work. The analyte contained a mixture of 5 mM phenol and 5 mM 2,6-dimethylphenol. The best retention occurred in a 90:10 (v/v) water/acetonitrile mobile phase, while higher water content lead to no retention. This phenomenon is known as stationary phase breakdown in open-tubular reversed-phase chromatography. With Eq. (1), taking into account the asymme- try of the plugs with the momentum method [46] and under the same conditions as shown in Fig. 6 , the best theoretical plate number N obtained is approximately 4500 with a variation of less than 5% over five subsequent samples.
Number of theoretical plates:
Retention factor:
Separation factor:
where t R is the retention time (elution of retained solution), t 0 the dead time (elution time of unretained solution), w 0.1 the peak width at 10% of the peak height, T the tailing factor, k the stationary phase capacity factor (retention factor), α the separation factor, and t R 1 and t R 2 are the retention times of the two analytes. A saturated uracil solution was used to determine the dead time t 0 . The retention factors k obtained were <0.7, while the separation factor α given by Eq. (3) showed typical values of around 3. For the sake of comparison, Manz et al. [6] reported a retention factor of 3.3 for their open tubular LC column on chip, while McEnery [12] showed performances below presented values.
The device presented herein is capable of doing subsequent separation, with or without washing cycles in-between. Under the chromatographic conditions of the phenol/dimethylphenol separation shown in Fig. 10 , we achieve up to 20 separations/h with an injection every 3 min. If a washing cycle in-between two subsequent separations is preferred, e.g. for changing analyte and or mobile phase, we obtain up to 10 injections/h with an injection every 6 min.
Vitamin separations
This paragraph shall show the very promising application of the microchip for vitamin separations. Vitamins are suitable to liquid/solid separation methods as well as to electrochemical detection. Fig. 7 shows a typical chromatogram of Vitamins A and E separation. We can see that no baseline separation could be achieved, but the two peaks are clearly distinguishable.
The analyte contained a mixture of 1 mM Vitamin A and 1 mM Vitamin E. The mobile phase was again 90:10 (v/v) water/acetonitrile mobile phase. Both Vitamins A and E are fat soluble and were prepared in pure acetonitrile. Water was then added to obtain the same composition as the mobile phase (90:10, v/v, water/acetonitrile). Prior to injection into the microchip, both mixtures have been filtered in a 0.2 m pore-size Teflon ® filter in order to remove agglomerates and impurities.
The separation in Fig. 7 yields a separation factor α of 1.3, still with respect to the unretained uracil solution. This separation shows again the limit of the actual separation power of the microchip, which is essentially due to the relatively poor stationary phase coating of the separation column.
Summary and conclusion
We report a novel design for continuous sampling and injection in chip-based pressure-driven liquid/solid chromatography. This approach operates on the principle of gated-injection by means of a novel microchannel configuration and flow control method to achieve such behavior using pressure drive. By capitalizing on the advantages of open tubular capillary LC, rational column design allows operation at low pressures to achieve optimal flow rates in short micromachined channels (<10 cm) that can approximately produce 4500 theoretical plates. An opentubular separation column with C 8 stationary phase coating and a pressure-driven gated injection method has been demonstrated, allowing multiple analyses with rapid cycle times of a few minutes only. Sample injections down to 100 pl with volume variations of less than 5% were achieved. It was also shown that the retention times were reproducible, indicating that the overall fluid handling system reported herein for continuous flow sampling exhibits a great deal of robustness.
A two-component phenolic test mixture has been separated with baseline resolution. The capacity factors k of the asformed stationary phases are relatively low, although the separation factor of 3 showed sufficient selectivity for the phenol/dimethylphenol separation. This can be remedied by increasing the phase ratio of the column, making thicker and perhaps more porous sol-gel layers.
A two component vitamin mixture was separated with partial resolution. The phase ratio of the column was insufficient to fully resolve the two peaks, although the two peaks were clearly visible. However, this application shows the future potential of the present system for various applications with electrochemically detectable analytes.
Future work will indeed focus on the stationary phase development with the aim of finding reversed phase wall coatings with significantly increased retentive capacity factors k and optimizing separation channel dimensions for rapid baseline separations to enhance low pressure operation without a particle packing. Silvan Schnydrig was born 1977 in Visp, Switzerland. He received a master degree in microengineering with specialization in "Micro-and Nano Systems" in 2005. His master thesis work was dedicated to the experimental study of the device presented in this article.
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